Introduction {#Sec1}
============

Aging is typically associated with impaired glucose tolerance, insulin resistance, and hepatosteatosis in both mice and humans. These metabolic disorders correlate with increased adiposity^[@CR1]^, as well as an age-related decline in functional pancreatic β-cell mass (reviewed in^[@CR2]^). Identifying signals that modulate adipose tissue mass, glucose tolerance, insulin sensitivity, and/or functional β-cell mass in aging mammals could provide new targets for treatment of metabolic syndrome and diabetes.

We previously showed that rGDF11 administration to aging mice results in a broad range of beneficial effects on brain^[@CR3],[@CR4]^, skeletal muscle^[@CR5]^, and cardiac tissues^[@CR6],[@CR7]^. GDF11 is a circulating blood factor which belongs to the larger transforming growth factor β (TGFβ) superfamily of extracellular ligands. New data published from multiple labs indicate that exogenous delivery of rGDF11 to rodent models of hyperglycemia (e.g. fed a high-fat diet HFD) reduced fasting blood glucose levels and improved glucose tolerance. The mechanism(s) behind these metabolic improvements may be due to a significant, yet transient, reduction in body mass^[@CR8]--[@CR10]^. In fact, recent data suggests that rGDF11 stimulates secretion of adiponectin and a caloric restriction-like phenotype^[@CR10]^. On the other hand, others have shown that higher dosages of exogenous rGDF11 or viral overexpression of GDF11 via plasmid or viral vector caused cachexia, premature death, and anorexia^[@CR11]--[@CR15]^. It is possible that these conflicting reports are due to drastically different doses and/or methodology used to artifically raise circulating GDF11 levels. Similarly, opposing results have also been reported regarding how GDF8, also known as myostatin, effects energy balance and metabolism^[@CR16]--[@CR21]^.

GDF8 is classically described as a potent negative regulator of skeletal muscle mass in addition to playing a role in energy balance and metabolism^[@CR16],[@CR22],[@CR23]^. The mature, signaling domains of GDF11 and GDF8 share 90% sequence identity and can signal through similar receptors (reviewed in^[@CR24]^), suggesting that GDF11 and GDF8 may act similarly to support redundant biological roles. However, despite similarities in the sequence identity and signaling components engaged by these two ligands, our structural and *in vitro* functional analysis comparing GDF11 and GDF8 indicates that GDF11 is \~10-fold more potent than GDF8^[@CR25]^, a finding that supports the idea that GDF11 and GDF8 may serve more distinct roles than previously thought.

In terms of metabolic regulation, there are conflicting reports for both GDF11 and GDF8 regarding whether or not systemic elevation of either ligand results in a positive or negative metabolic phenotype. Further, it is unknown how or if age may affect the metabolic response elicited by GDF11 or GDF8. Therefore, we sought to investigate the effect of mature GDF11 and GDF8 ligands on glucose homeostasis and energy balance by administering recombinant GDF11 (rGDF11) or rGDF8 proteins to young and aged mice subjected to metabolic stress imposed by a high fat diet (HFD). Here, we present our analysis, which includes an in-depth comparison of the effects of exogenous GDF11 or GDF8 on glucose metabolism and energy balance.

Results {#Sec2}
=======

Given the steady decline in metabolic function that typically ocurs with mammalian aging, we aimed to test if exogenous administration of rGDF11 to aged mice could improve their metabolic profile. Our experimental design is shown in Fig. [1A](#Fig1){ref-type="fig"}, and employs a dosing regimen that is based on our previous dose-response studies showing that daily administration of exogneous rGDF11 at a dose of 0.5 mg/kg to aged mice is sufficient to reduce age-related left ventricular cardiac hypertrophy in as little as 9 days^[@CR7]^. Additionally, this experimental design allowed us to measure multiple metabolic parameters on the same cohort of mice before and after treatment by spacing the analyses over the course of 18 days (11 days of ligand administration and 7 days preceding ligand administration) and allowing the mice to recover between the various metabolic tests. Importantly, we also performed a head-to-head comparison between the phenotypic response observed after delivery of rGDF11 or delivery of rGDF8 in order to determine if a ligand-specific phenotypic outcome occurs.Figure 1rGDF11, but not rGDF8, improves glucose tolerance in aged mice. (**A**) Schematic representation of treatment schedule and analyses performed on young and aged mice fed a normal chow diet. (**B,C**) Fed body weights and relative weight loss (inset) in young (**B**, n = 6 mice/treatment) and aged (**C**, n = 6--8 mice/treatment) mice were measured prior to treatment (pre) and after (post) 9 days (D9) of treatment with saline (black), rGDF11 (orange) or rGDF8 (blue). Inset: the color of the p-value corresponds the to the group compared (black: saline; orange: rGDF11; blue: rGDF8). (**D**--**G**) Glucose tolerance tests (**D,E**; GTT) and insulin tolerance tests (**F,G**; ITT) were performed on young (**D**, n = 6 mice/treatment; **F**, n = 9 mice/treatment) and aged (**E**, n = 6--8 mice/treatment; **G**, 9--10 mice/treatment) mice. For GTT, mice were fasted for 18 hours overnight before a bolus of glucose was administered (2 g/kg). For ITT, mice were fasted for 5 hours before injected with insulin (young mice- 0.5 units/kg insulin; aged mice- 0.75 units/kg insulin). Data information: In (**B**--**G**), data are presented as mean ± standard deviation. For (**B,C**), 2-way ANOVA with either Sidak's or Tukey's *post hoc* test was used for comparison between pre *vs*. post treatment or comparison between groups, respectively. For the insets, an unpaired Student's *t*-test was performed for comparison between pre *vs*. post treatment. For (**D**--**G**), 2-way ANOVA with Tukey's *post hoc* test was used. For all graphs: \* - saline *vs*. rGDF11; ^\#^ - rGDF11 *vs*. rGDF8.

Administration of rGDF11, but not rGDF8, improved glucose tolerance in aged mice {#Sec3}
--------------------------------------------------------------------------------

We found that daily injection of rGDF11 or rGDF8 at equal doses prevented weight gain in wild-type C57BL/6 young male mice (8-week-old; Fig. [1B](#Fig1){ref-type="fig"} and Fig. [S1](#MOESM1){ref-type="media"}), and caused a significant reduction in body weight in aged mice (24-month-old; Fig. [1C](#Fig1){ref-type="fig"} and Fig. [S1](#MOESM1){ref-type="media"}), compared to saline controls. We next sought to determine the effect of each ligand on glucose metabolism in young or aged mice. In order to establish baseline metabolic parameters, we performed glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) on young and aged mice prior to administration of recombinant protein (Fig. [S1A--D](#MOESM1){ref-type="media"}). Mice then received daily injections of either saline, rGDF11, or rGDF8 followed by repeated GTTs and ITTs following 7 total daily injections (Fig. [1A](#Fig1){ref-type="fig"}). Young and aged mice that received rGDF11 showed a small improvement in glucose tolerance (Fig. [1D,E](#Fig1){ref-type="fig"}) but showed little improvement in ITT performance (Fig. [1F,G](#Fig1){ref-type="fig"}). However, we observed significant differences in the absolute glucose levels during the course of ITT in both young and aged mice following rGDF11 administration, although these differences are likely due to significant differences in their baseline blood glucose levels following the 5 hour fast (Fig. [S1G,H](#MOESM1){ref-type="media"}). The metabolic improvements observed in aged mice were also commensurate with a significant reduction in body weight which may explain the improved metabolic performance (Fig. [1C](#Fig1){ref-type="fig"}), although no weight loss was observed in young mice (Fig. [1B](#Fig1){ref-type="fig"}). In contrast, there was little to no effect on glucose tolerance or insulin sensitivity in young or aged mice that received rGDF8 (Fig. [1](#Fig1){ref-type="fig"}; Fig. [S1G,H](#MOESM1){ref-type="media"}). Together, these data establish the impact of exogenous administration of rGDF11 in comparison to rGDF8 on glucose metabolism in the context of aging mice fed a normal chow diet.

Improved glucose tolerance in young and aged mice on a HFD following exogenous administration of rGDF11, but not rGDF8 {#Sec4}
----------------------------------------------------------------------------------------------------------------------

Using a similar experimental approach as above, we next asked if exogenous delivery of rGDF11 would improve glucose metabolism in young or aged mice fed a long-term high fat diet (HFD; Fig. [2A](#Fig2){ref-type="fig"}). As expected, exposure to HFD resulted in an impaired metabolic phenotype in cohorts of young mice (Fig. [S2A,B](#MOESM1){ref-type="media"}) and aged mice (Fig. [S2C,D](#MOESM1){ref-type="media"}). These mice, which remained on HFD, were injected daily with either saline, rGDF11 (0.5 mg/kg), or rGDF8 (0.5 mg/kg) again for a total of 11 days. We found that the body weights of both young and aged mice that received rGDF11 were significantly lower at the conclusion of the experiment compared to body weights at the time that the ligand injections began (Fig. [2B,C](#Fig2){ref-type="fig"}). Aged mice that received rGDF8 showed a similar reduction in body weight; however, no difference in body weight was observed in the rGDF8-injected young cohort of mice (Fig. [2B,C](#Fig2){ref-type="fig"}). Both young and aged mice that received rGDF11 showed significant improvement in the GTT (Fig. [2D,E](#Fig2){ref-type="fig"} and Fig. [S2E,F](#MOESM1){ref-type="media"}), but only young mice showed improved ITT compared to mice that received saline or rGDF8 (Fig. [2F,G](#Fig2){ref-type="fig"} and Fig. [S2G,H](#MOESM1){ref-type="media"}). Despite the reduction in body weight, aged mice that received rGDF8 did not show an overall improvement in GTT or ITT performance (Fig. [2E,G](#Fig2){ref-type="fig"}; Fig. [S2F,H](#MOESM1){ref-type="media"}). However, our GTT results indicate that aged mice injected with rGDF8 have significantly lower blood glucose levels at some timepoints suggesting that injection of rGDF8 may result in an intermediary effect on glucose homeostasis compared to the effects of rGDF11 (Fig. [2E](#Fig2){ref-type="fig"}), despite showing a similar reduction in body weight as aged mice that received rGDF11 (Fig. [2C](#Fig2){ref-type="fig"}).Figure 2Exogenous administration of rGDF11 and rGDF8 to mice fed a HFD results in reduced body weight and significantly improved GTT performance. (**A**) Schematic representation of treatment schedule and analyses performed on young and aged mice fed a high fat diet. (**B,C**) Fed body weights and relative weight loss (inset) in young (**B**, n = 7--8 mice/treatment) and aged (**C**, n = 6--8 mice/treatment) mice were measured prior to treatment (pre) and after (post) 9 days (D9) of treatment with saline (black), rGDF11 (orange) or rGDF8 (blue). Inset: the color of the p-value corresponds the to the group compared (black: saline; orange: rGDF11; blue: rGDF8). (**D--G**) Glucose tolerance tests (**D,E**; GTT) and insulin tolerance tests (**F,G**; ITT) were performed on young (**D**, n = 7--8 mice/treatment; **F**, n = 8--9 mice/treatment) and aged (**E**, n = 6--8 mice/treatment; **G**, n = 7--10 mice/treatment) mice. For GTT, mice were fasted for 18 hours overnight before a bolus of glucose was administered (2 g/kg). For ITT, mice were fasted for 5 hours before injected with 1.0 units/kg of insulin. Data information: In (**B**--**G**), data are presented as mean ± standard deviation. For (**B, C**), 2-way ANOVA with either Sidak's or Tukey's *post hoc* test was used for comparison between pre *vs*. post treatment or comparison between groups, respectively. For the insets, an unpaired Student's *t*-test was performed for comparison between pre *vs*. post treatment. For (**D**--**G**), 2-way ANOVA with Tukey's *post hoc* test was used. For all graphs: \* - saline *vs*. rGDF11; ^\#^ - rGDF11 *vs*. rGDF8; ^+^ - saline *vs*. rGDF8.

Exogeneous rGDF11 or rGDF8 does not increase insulin secretion, pancreatic β-cell replication, or promote cachexia in aged mice fed a HFD {#Sec5}
-----------------------------------------------------------------------------------------------------------------------------------------

Increased insulin secretion could account for the observed enhancements in glucose tolerance, and recent reports suggest that supplementation with rGDF11 or AAV-mediated GDF11 overexpression promotes higher plasma insulin and prevents loss of pancreatic β-cells in diabetic mice^[@CR8],[@CR9]^. We therefore measured blood insulin levels during the GTTs and found no signifcant difference in fasting insulin levels in young or aged mice following injection of saline, rGDF11, or rGDF8 (Fig. [3A,D](#Fig3){ref-type="fig"}). Furthermore, neither rGDF11 nor rGDF8 affected glucose stimulated insulin secretion in aged mice fed a HFD (Fig. [3C,E](#Fig3){ref-type="fig"}). However, rGDF11 increased glucose stimulated insulin secretion in young mice fed a HFD (Fig. [3B,C](#Fig3){ref-type="fig"}). We also measured insulin c-peptide in these cohorts (Fig. [S3](#MOESM1){ref-type="media"}). We found that young normal chow diet mice, which received rGDF11 or rGDF8 had sigificnatly reduced insulin c-peptide levels in their fed, but not fasted state (Fig. [S3A,B](#MOESM1){ref-type="media"}). Further, young HFD mice that received rGDF11 showed significantly reduced insulin c-peptide in their fed, but not fasted state, compared to mice that received saline (Fig. [S3A,B](#MOESM1){ref-type="media"}). We did not observe any differences in insulin c-peptide levels among different treatment groups in the aged chorts (Fig. [S3C,D](#MOESM1){ref-type="media"}).Figure 3Exogenous rGDF11 or rGDF8 has little effect on fasting insulin levels or glucose stimulated insulin secretion (GSIS) in young or aged mice fed a HFD. (**A,B**) Fasting plasma insulin levels (**A**) and GSIS (**B**) in young mice fed a HFD (n = 7--8 mice/treatment). (**C**) Calculated stimulation index for young (n = 7--8 mice/treatment) and aged (n = 6--8 mice/treatment) mice fed a HFD. (**D,E**) Fasting plasma insulin levels (**D**) and GSIS (**E**) in aged mice fed a HFD (n = 6--8 mice/treatment). (**F**) Quantification of pancreatic β-cell replication in young (n = 4--6 mice/treatment) and aged (n = 3--6 mice/treatment) mice fed a HFD. (**G,H**) Gene expression analysis on the hearts (**G**) and skeletal muscle (**H**) from aged (n = 6--8 mice/treatment) mice fed a HFD. (**I**) Plasma GDF15 levels in young (n = 5--6 mice/treatment) and aged (n = 6--8 mice/treatment) mice fed a HFD. Individual values (open circles) for each mouse/treatment are superimposed on the bar graph. Data information: In (**A**--**I**), data are presented as mean ± standard deviation. For (**A,D,F**), 2-way ANOVA with either Sidak's or Tukey's *post hoc* test was used for comparison between pre *vs*. post treatment or comparison between groups, respectively. For (**B,C,E,G**--**I**), 1-way ANOVA with Tukey's *post hoc* test was used.

It is well-described that TGFβ signaling, including GDF11-specific signaling, participates in pancreatic development and regulation of endocrine function^[@CR26]--[@CR28]^. Therefore, we next determined whether the improved glucose tolerance observed after 7 days of rGDF11 administration was associated with an increase in β-cell replication in young or aged mice. Pancreata were isolated from young or aged mice and processed for histological analysis. Replication rates were determined by Ki67, insulin, and Nkx6.1 immunofluorescence (Fig. [3F](#Fig3){ref-type="fig"}). Neither rGDF11 nor rGDF8 enhanced β-cell replication in young or aged mice (Fig. [3F](#Fig3){ref-type="fig"}). However, in young mice, rGDF8 lowered β-cell replication rates (Fig. [3F](#Fig3){ref-type="fig"}). Thus, rGDF11, and to a lesser extent rGDF8, enhanced glucose tolerance in aged mice on a HFD, without concomitant increases in insulin secretion or β-cell replication.

A recent report suggested that very high levels or supraphysiological overexpression of GDF11 promotes activin A mediated cachexia and directly invokes an increase in circulating levels of the TGFβ ligand, GDF15^[@CR14]^, also known macrophage inhibitory cytokine-1 (MIC1). This study further suggested that elevated GDF15 acts as an appetite suppressant, resulting in weight loss^[@CR14]^. As it is known that a reduction in body weight can have a positive influence on glucose homeostasis (reviewed in^[@CR29]^), we asked if exogenous administration of either rGDF11 or rGDF8 resulted in upregulation of the TGFβ ligands *Gdf15* and *Inhba* (activin A), or of markers of cachexia, *Trim63* and *Fbxo32*, in the heart and skeletal muscle of aged mice on a long-term HFD (Fig. [3G,H](#Fig3){ref-type="fig"}). We found no differences in the mRNA levels of *Gdf15, Inhba, Trim63*, or *Fbxo32* in the heart or skeletal muscle among aged mice that received saline, rGDF11, or rGDF8 (Fig. [3G,H](#Fig3){ref-type="fig"}). Furthermore, we evaluated the plasma of young and aged mice fed a long-term HFD following administration of either saline, rGDF11, or rGDF8 and found that there was no difference in the levels of GDF15 within the age groups (Fig. [3I](#Fig3){ref-type="fig"}). Though it is possible that exogenous rGDF11 affected GDF15 expression levels at earlier timepoints, our data indicate that GDF15 expression is unaffected following injection of rGDF11 for 11 days and that the exogenous dosing regimen of either rGDF11 or rGDF8 utilized in this study does not promote GDF15-mediated anorexia/weight loss or cachexia at this timepoint.The underlying mechanism responsbile for improved glucose metabolism following rGDF11 administration remains unknown.

Neither rGDF11 nor rGDF8 improves HFD- or age-induced hepatosteatosis {#Sec6}
---------------------------------------------------------------------

Hepatosteatosis is associated with aging and obesity, as well as with metabolic disorders such as diabetes, hypertension, and dyslipidemia. Defects in lipid metabolism and insulin resistance may contribute to hepatosteatosis (reviewed in^[@CR30]^). Given that injection of rGDF11 prevented weight gain, as well as increased hepatic insulin action in aged mice concomitantly fed a HFD, we sought to determine whether rGDF11 could affect hepatic lipid accumulation. After 11 days, the livers from young and aged mice fed a normal chow diet were harvested and processed for histological analysis. We compared the liver histology from the young and aged mice injected with either saline, rGDF11, or rGDF8 from our normal chow diet and long-term HFD experiments. We did not see any differences within treatment groups in young or aged animals injected with saline, rGDF11, or rGDF8 (Fig. [S4](#MOESM1){ref-type="media"}) suggesting that this duration of rGDF11 administration does not promote reversal of HFD- or age-induced hepatosteatosis.

Exogenous rGDF11, but not rGDF8, prevents weight gain in young and aged mice fed a short-term HFD {#Sec7}
-------------------------------------------------------------------------------------------------

Our results provided evidence that exogeneous adminstration of rGDF11 to aged mice promotes an improvement in glucose metabolism. We next asked if supplementation with rGDF11 can provide a 'protective' benefit from HFD-induced metabolic stress. To address this question, we exogneously administered saline, rGDF11, or rGDF8 starting the same day as the mice were put on a HFD (Fig. [4A](#Fig4){ref-type="fig"}). Normal chow diet fed mice were weighed in order to assess their baseline weight and to match treatment groups with respect to body weights and glucose tolerance. Mice were subsequently fed a HFD and injected daily with either saline, rGDF11, or rGDF8. We measured the body weight of young and aged mice after 9 days of either saline, rGDF11, or rGDF8. As predicted, we found that saline-treated young and aged mice gained weight after 9 days on a HFD (Fig. [4A,B](#Fig4){ref-type="fig"}). We found that both rGDF11 and rGDF8 prevented HFD-induced weight gain in aged mice (Fig. [4C](#Fig4){ref-type="fig"}). In young mice under the same conditions, only rGDF11 was able to prevent HFD-induced weight gain (Fig. [4B](#Fig4){ref-type="fig"}). Cumulatively, these results suggest that while both rGDF11 and rGDF8 can prevent HFD-induced weight gain in aged mice, only rGDF11 treatment can prevent weight gain in young mice on a HFD at the dose and time point evaluated here.Figure 4Exogenous rGDF11, but not rGDF8, is protective of HFD-induced weight gain and HFD-induced glucose intolerance. (**A)** Schematic representation of treatment schedule and analyses performed on young and aged mice. Note that ligand delivery and initiation of HFD occur on the same day. (**B,C**) Fed body weights and relative weight loss (inset) in young (**B**, n = 11--12 mice/treatment) and aged (**C**, n = 11--12 mice/treatment) mice were measured prior to treatment (pre) and after 9 days (D9) of treatment with saline (black), rGDF11 (orange) or rGDF8 (blue). Inset: the color of the p-value corresponds the to the group compared (black: saline; orange: rGDF11; blue: rGDF8). (**D,E**) Glucose tolerance tests (GTT) were performed on young (**D**, n = 11--12 mice/treatment) and aged (**E**, n = 11--12 mice/treatment) mice. For GTT, mice were fasted for 18 hours overnight before a bolus of glucose was administered (2 g/kg). Data information: In (**B--E**), data are presented as mean ± standard deviation. For (**B,C**), 2-way ANOVA with either Sidak's or Tukey's *post hoc* test was used for comparison between pre *vs*. post treatment or comparison between groups, respectively. For the insets, an unpaired Student's *t*-test was performed for comparison between pre *vs*. post treatment. For (**D,E**), 2-way ANOVA with Tukey's *post hoc* test was used. For all graphs: \* - saline *vs*. rGDF11; ^\#^ - rGDF11 *vs*. rGDF8; ^+^ - saline *vs*. rGDF8.

Exogenous rGDF11, but not rGDF8, protects against HFD-induced glucose intolerance in young and aged mice {#Sec8}
--------------------------------------------------------------------------------------------------------

To determine if rGDF11 or rGDF8 is protective of HFD-induced metabolic stress, we performed GTTs on young and aged mice that received daily injections of either saline, rGDF11, or rGDF8 starting the same day that the mice were put on HFD (Fig. [4A](#Fig4){ref-type="fig"}). First, GTTs were performed on young and aged mice fed normal chow diet prior to injection of the recombinant protein and diet change in order to determine the baseline and to match the treatment groups with respect to glucose tolerance (Fig. [4A](#Fig4){ref-type="fig"}; Fig. [S5A,B](#MOESM1){ref-type="media"}). Mice were subsequently fed a HFD and injected daily with either saline, rGDF11, or rGDF8. After 1 week, GTTs were repeated to assess the effects on glucose tolerance. Aged mice, and to a lesser extent, young mice that received rGDF11 showed significantly enhanced glucose clearance compared to saline and rGDF8 treated animals (Fig. [4D,E](#Fig4){ref-type="fig"}; Fig. [S5C,D](#MOESM1){ref-type="media"}). Aged mice that received rGDF8 showed an intermediate phenotype with enhanced glucose tolerance compared to saline controls, but not to the same degree as compared to aged mice that received rGDF11 (Fig. [4E](#Fig4){ref-type="fig"}).

In addition to the effects on glucose tolerance, we found that 1 week of daily rGDF11 injections prevented HFD-induced fasting hyperglycemia in aged mice, but not in young mice (Fig. [S6A,B](#MOESM1){ref-type="media"}). In contrast, fasting blood glucose levels rose in aged mice that received saline or rGDF8 after 1 week on a HFD (Fig. [S6B](#MOESM1){ref-type="media"}). Furthermore, 9 days of daily injection of rGDF11, but not rGDF8, resulted in reduced fed blood glucose levels in both aging and young mice fed a HFD (Fig. [S6C,D](#MOESM1){ref-type="media"}).

rGDF11, but not rGDF8, reduces food intake {#Sec9}
------------------------------------------

Next, we aimed to determine the underlying mechanism behind the altered energy balance in rGDF11 supplemented mice. We performed metabolic cage analysis to measure food intake, energy expenditure, respiratory exchange ratio (RER), and physical activity in young and aged mice injected for 7 days with either saline, rGDF11, or rGDF8, starting the same day as the mice were put on HFD (Fig. [4A](#Fig4){ref-type="fig"}). Changes in body composition (whole body fat and lean mass) were assessed using ^1^H-MRS. While young mice injected with saline or rGDF8 gained weight on a HFD, young mice injected with rGDF11 and aged mice from all three cohorts failed to gain weight on the HFD in the CLAMS cages. Indeed, aged mice injected with rGDF11 lost weight during the experimental period (Fig. [S7](#MOESM1){ref-type="media"}). Young mice, but not aged mice, which received saline or rGDF8 showed a significant increase in total fat mass and no change in total lean mass (Fig. [5A](#Fig5){ref-type="fig"}). This resulted in an overall significant increase body fat percentage in young mice treated with saline or rGDF8 (Fig. [5A](#Fig5){ref-type="fig"}). On the other hand, fat and lean mass did not change in young mice treated with rGDF11 (Fig. [5A](#Fig5){ref-type="fig"}). Interestingly, we did not observe any differences in actual fat or lean mass of aged mice treated with saline, rGDF11, or rGDF8, although aged mice treated with rGDF8 did show a significant reduction in lean mass percentage (Fig. [5B](#Fig5){ref-type="fig"}). Taken together, our data suggest that daily injection of rGDF11, but not rGDF8, helps to prevent HFD-induced fat accumulation in young, but not aged, mice and that rGDF11 treatment helps to prevent a loss of relative lean mass in aged mice.Figure 5Aged mice fed a short-term HFD with concomitant administration of exogenous rGDF11, but not rGDF8, show a transient reduction in food intake. (**A,B**) Body composition of young (**A**, n = 4--6 mice/treatment) and aged (**B**, n = 5--6 mice/treatment) mice before (pre) and 7 days after (post) concomittant HFD feeding and administration of saline (black), rGDF11 (orange), or rGDF8 (blue). Fat and lean mass values shown on the left and percent of body weight (BW) shown on the right. (**C--F**) Total daily food intake (**C,D**) and activity (**E,F**) were measured from young (**C,E**, n = 4--6 mice/treatment) and aged (**D,F**, n = 5--6 mice/treatment) mice before (pre) and 7 days after (post) concomittant HFD feeding and administration of saline (black), rGDF11 (orange), or rGDF8 (blue). Data information: In (**A--F**), data are presented as mean ± standard deviation. For (**A--F**), 2-way ANOVA with Tukey's *post hoc* test was used for all comparisons.

Interestingly, we found that aged, but not young, mice injected with rGDF11, but not with rGDF8, showed a significant but transient decline in food intake as early as 3 days after initiation of recombinant protein injections (Fig. [5C,D](#Fig5){ref-type="fig"}). The decline in food intake persisted for 48 hours and the rGDF11 injected mice recovered a rate of food intake similar to that observed in the saline injected cohort by day 5 of treatment (Fig. [5D](#Fig5){ref-type="fig"}). This decline in food intake in rGDF11 treated mice was associated with a corresponding decline in respiratory exchange rate (RER; Fig. [S8](#MOESM1){ref-type="media"}). Upon switching the mice from chow diet to HFD we observed a decline in RER in all three cohorts consistent with the diet change and the animals shifting from utilizing carbohydrates as fuel to utilizing fatty acids as fuel (Fig. [S8A,B](#MOESM1){ref-type="media"}). However, rGDF11-injected mice exhibited reduced RER compared to saline-injected or rGDF8-injected mice at experimental day 3 (Fig. [S8B](#MOESM1){ref-type="media"}) suggesting that supplementation with rGDF11 results in aged mice using their fat stores as fuel in response to a decline in food intake. Although analysis of energy expenditure showed a baseline difference between rGDF11- and saline-injected aged mice prior to treatment, the energy expenditures measured from rGDF11- or saline-injected mice showed little difference for the remainder of the experiment in both young and aged mice (Fig. [S8C,D](#MOESM1){ref-type="media"}).

Reductions in food intake could indicate that rGDF11-injected mice were experiencing stress due to the experimental conditions despite our data showing that both young and aged mice injected with rGDF11 exhibited no change in total activity over the course of treatment (Fig. [5E,F](#Fig5){ref-type="fig"}). Based on the stability of activity patterns in rGDF11-injected mice, we believe it is unlikely that their transient behavioral change was due to illness, although we cannot rule out the possibility that administration of rGDF11 induced nausea leading to reduced food intake^[@CR14]^. Taken together, the data presented here suggest that supplementation with rGDF11 is potentially protective from HFD-induced fat mass accumulation in part by transiently reducing food intake in aging mice leading to the mice utilizing their adipose stores as fuel. Overall, these measurements do not explain the primary tissue compartment or change in behavior responsible for the significant decrease in total body weight observed in aged mice that received rGDF11, suggesting that the weight loss may reflect a combination of changes occurring in multiple tissue depots. Interestingly, young mice injected with saline, rGDF11, or rGDF8 did not show differences in food intake, RER or total activity (Fig. [5E,F](#Fig5){ref-type="fig"} and Fig. [S8](#MOESM1){ref-type="media"}), which may be expected since these mice were young and healthy when the experiment commenced.

rGDF11 increases hepatic insulin action in HFD-fed aged mice {#Sec10}
------------------------------------------------------------

In order to address whether GDF11 treatment increases insulin sensitivity, we performed a 2-hour hyperinsulinemic-euglycemic clamp (2.5 mU/kg/min insulin infusion rate) in young and aged mice injected daily for 7 days with either saline or rGDF11 (Fig. [6A](#Fig6){ref-type="fig"}). Steady-state glucose infusion rates required to maintain euglycemia during the clamp were significantly higher in aged mice that received rGDF11 compared to aged mice injected with saline (Fig. [6B](#Fig6){ref-type="fig"}), indicating that rGDF11 increased systemic insulin sensitivity in aged mice. This is consistent with improved glucose tolerance in rGDF11-injected mice (Fig. [S6](#MOESM1){ref-type="media"}). Insulin-stimulated whole-body glucose turnover was significantly increased in aged mice that received rGDF11 as compared to saline-treated mice (Fig. [6C](#Fig6){ref-type="fig"}). Thus, these data demonstrate that supplementation with rGDF11 increases peripheral insulin sensitivity in HFD-fed aged mice. During the clamp, a bolus of ^14^C-labeled 2-deoxyglucose was injected to assess glucose uptake in individual organs^[@CR31]^. Increased peripheral insulin sensitivity was largely due to a 2-fold increase in insulin-stimulated glucose uptake in white adipose tissue, while skeletal muscle glucose metabolism was not affected by rGDF11 treatment in aged mice (Fig. [S9](#MOESM1){ref-type="media"}).Figure 6Aged mice fed a short-term HFD with concomitant administration of exogenous rGDF11 show increased insulin action. (**A**) Protocol design of the hyperinsulinemic-euglycemic clamp experiment following 7 days of exogenous administration of saline (black) or rGDF11 (orange) to young or aged mice. (**B,C)** Glucose infusion rates (**B**) and glucose turnover rates (**C**) for young (n = 6--7 mice/treatment) and aged (n = 7--10 mice/treatment) mice. (**D**) Calcuated hepatic insulin action for young (n = 6--7 mice/treatment) and aged (n = 7--10 mice/treatment) mice. (**E,F)** Plasma glucose levels of young (**E**, n = 6--7 mice/treatment) and aged (**F**, n = 7--10 mice/treatment) mice before (basal) and during the hyperinsulinemic-euglycemic clamp (clamp) experiment. (**G,H)** Hepatic glucose production for young (**G**, n = 6--7 mice/treatment) and aged (**H**, n = 7--10 mice/treatment) mice before (basal) and during the hyperinsulinemic-euglycemic clamp (clamp) experiment. Data information: In (**B--H**), data are presented as mean ± standard deviation. For (**B,C,E--H**), an unpaired Student's *t-*test was performed. For (**D**), 2-way ANOVA with Sidaks's *post hoc* test was used to compare each treatment (saline *vs* rGDF11).

Hepatic insulin resistance develops with aging and in obesity^[@CR1],[@CR32]--[@CR34]^. Our hyperinsulinemic-euglycemic clamp study showed that aging-associated hepatic insulin resistance was ameliorated after a 7-day dosing regimen of rGDF11. Plasma glucose levels were monitored before and during the clamp experiment in both young (Fig. [6E](#Fig6){ref-type="fig"}) and aged mice (Fig. [6F](#Fig6){ref-type="fig"}). Basal hepatic glucose production (HGP) was not affected by rGDF11 treatment in young mice (Fig. [6G,H](#Fig6){ref-type="fig"}). In contrast, clamp HGP was significantly reduced in rGDF11-injected aged mice as compared to saline-injected aged mice (Fig. [6H](#Fig6){ref-type="fig"}) which is consistent with our data showing that rGDF11 improved hepatic insulin action in aged mice (Fig. [6D](#Fig6){ref-type="fig"}). Furthermore, insulin sensitizing effects of rGDF11 were also observed in young mice, albeit less dramatic as glucose infusion rates tended to increase in young mice that received rGDF11 as compared to saline-injected young mice (Fig. [6B](#Fig6){ref-type="fig"}). Taken together, exogenous delivery of rGDF11 to aged mice resulted in an improved metabolic phenotype. However, our current approaches and data obtained to pinpoint a definitive mechanism of action suggest that there are likely multiple mechanisms responsible for the observed metabolic effects.

Discussion {#Sec11}
==========

In this study, we sought to determine whether rGDF11 has specific effects on metabolism in the context of aging and HFD-induced metabolic stress by comparing the effects of exogenous rGDF11 and rGDF8 administration. Equal doses of rGDF11 or rGDF8 protein were administered daily for 11 days to young and aged mice fed either a normal chow diet, a long-term HFD, or at the commencement of a short-term HFD and the impact on multiple metabolic parameters was investigated at specific time points (Figs. [1A](#Fig1){ref-type="fig"}, [3A](#Fig3){ref-type="fig"}, and [5A](#Fig5){ref-type="fig"}). We found that supplementation with matched doses of these closely related proteins provoked different diet-dependent responses in young and aged mice.

In particular, rGDF11 treatment prevented weight gain and preserved lean mass in aged mice on a HFD, which is consistent with reductions in body weight observed in other studies following supplementation of GDF11^[@CR4],[@CR6],[@CR10]^. Young and aged mice injected with rGDF11 displayed improved glucose tolerance compared to saline-injected control mice. We were surprised to find that the enhancement in glucose tolerance observed in HFD-fed aged mice following injection with rGDF11 was not associated with an increase in β-cell replication or with enhancement of fasted or glucose-stimulated insulin secretion. In addition, supplementation with rGDF11 did not improve HFD- or age-induced hepatosteatosis suggesting that the improved metabolic phenotype was not primarily driven a decline in fatty liver. Despite this, rGDF11 administration promoted weight reduction likely leading to an improved metabolic phenotype in young and aged mice fed a HFD. Together, these data suggest that supplementation with GDF11 may provide protection from HFD-induced obesity and insulin resistance, although we have been unable to isolate the exact mechanism(s) responsible for these effects. These conclusions are consistent with recent reports demonstrating that administration of rGDF11 or overexpression of GDF11 using an AAV approach promotes an improved metabolic phenotype in diabetic rodent models^[@CR8],[@CR9]^.

Body weight increases when there is an imbalance in energy intake and energy expenditure, and this imbalance results in storage of excess calories^[@CR34]^. In order to determine which of these parameters mediates the surprising reduction in body weight seen with GDF11 supplementation in aged mice on a HFD, we performed indirect calorimetry analysis during protein treatment. Our data suggest that rGDF11 promotes a transient reduction in food intake in aged mice as early as day 3 of treatment, but food intake was comparable to the saline injected mice by day 5. Reduced food intake was accompanied by a reduction in RER compared to saline-injected and rGDF8-injected mice, suggesting that mice injected with rGDF11 may have used their fat stores as fuel, further preventing weight gain on a HFD. The CLAMS metabolic cage analysis revealed no differences in total activity among the different treatment groups, suggesting that rGDF11 treated mice did not reduce their food intake because they were pathogenically ill, and therefore less able to move around. These observations thus raise the possibility that GDF11 may participate in appetite regulation.

A recent report suggested that GDF11 can stimulate the production of GDF15, which then acts as an appetite suppressant^[@CR14]^. We tested the plasma of young and aged mice following the conclusion of the daily 0.5 mg/kg ligand dosing regimen, and we did not find any differences in circulating levels of GDF15 among the groups. This finding is consistent with another recent report showing that exogenous rGDF11 leads to a significant body weight reduction, independent of GDF15 levels, and no change in physical activity^[@CR10]^. In contrast, the authors of that study did not observe a reduction in food intake, although they did not begin measuring food consumption until 3 days after the first injection^[@CR10]^, the approximate time-frame when we observed a modest decrease in food intake. Those authors also observed that mice injected with rGDF11 had reduced WAT and increased serum adiponectin suggesting that rGDF11 may act to reduce body weight and WAT by stimulating adiponectin secretion^[@CR10]^. Taken together, it is unlikely that the phenotypes invoked by rGDF11 are governed by a single mechanism but rather, that there are multiple mechanisms across many tissues and cell types responsible for the observed phenotypes.

Our CLAMP data revealed that glucose uptake significantly increased in WAT following exogenous delivery of rGDF11 to aged mice fed a chow diet. It is widely accepted that WAT plays a dynamic role in energy homeostasis and that WAT is highly responsive to altered energy states, both acute and chronic^[@CR34]^. For example, an increase in lipid storage demand (e.g. energy abundance) can lead to insulin resistance in WAT and reduced WAT glucose uptake whereas a decrease in lipid storage demand (e.g. energy deficit) can promote insulin sensitivity and glucose uptake in WAT^[@CR34],[@CR35]^. However, enhanced glucose uptake by WAT may lead to increased adiposity in the long-term, but it is also possible that the opposite may occur, where enhanced glucose uptake by WAT reduces or protects against obesity^[@CR35]--[@CR40]^. It is unclear how enhanced glucose uptake by WAT could promote an improved overall metabolic phenotype, but improved insulin sensitivity may facilitate glucose uptake and lead to secretion of anti-diabetic factors such as adiponectin and leptin^[@CR34],[@CR35],[@CR37]^. It is possible that long term rGDF11 treatment and/or a higher dose of rGDF11 may promote reduced glucose uptake in WAT and increased obesity. In fact, acute/transient bouts vs. chronically high serum levels of non-esterified fatty acids (NEFAs) exhibit this type of short-term benefit/long-term harm paradox with regard to glucose uptake by WAT^[@CR34]^. Further studies clearly will be needed to determine how (mechanism of action) and where (tissue/cell type) exogenous rGDF11 is acting to promote an improved metabolic phenotype.

Young and aged mice treated with an equal dose of rGDF8 did not exhibit many of the effects observed in rGDF11 treated mice. We found that treatment with rGDF8 or rGDF11 could prevent HFD-induced weight gain in aged mice. However, while we observed that treatment with rGDF11 prevented lean mass loss in aged mice fed a HFD, MRI measurements revealed no loss of lean mass after 7 days of rGDF8 supplementation compared to saline-injected young or aged mice on a HFD. This finding is seemingly at odds with the consensus in the field regarding the effect of elevating circulating levels of GDF8. Skeletal muscle specific overexpression of GDF8 has been shown to induce muscle atrophy and increased fat mass^[@CR19]^, while disruption of *Gdf8* expression causes skeletal muscle hypertrophy and hyperplasia^[@CR16]^. However, our results are consistent with experiments showing that mice that overexpress *Gdf8* transgene specifically in adipocytes are resistant to obesity on a HFD^[@CR41]^. Moreover, in prior systemic supplementation studies it was reported that administration of high doses of GDF8 protein results in skeletal muscle atrophy, as well as fat mass loss, while more moderate doses of GDF8 were able to reduce fat mass without affecting skeletal muscle mass^[@CR17]^. While elevated levels of GDF8 are thought to negatively impact skeletal mass, work by Zimmers and colleagues suggests that skeletal muscle atrophy following systemic GDF8 administration is dose dependent, and also that GDF8 can have selective fat mass reducing effects at lower doses^[@CR17]^. In stark contrast to mice that received rGDF11, we also observed that aged mice injected with rGDF8 did not exhibit changes in food intake. Accordingly, it has been reported that neither mice with elevated levels of GDF8 nor mice with disruption of GDF8 activity show changes in food intake^[@CR20]^. Mice with disrupted GDF8/GDF11/Activin signaling in muscle (dominant negative *Acvr2b* transgene) and the lipodystrophy mutation A-ZIP show reduced food intake^[@CR42]^.

Previously published *Gdf8* loss of function experiments showed increased insulin sensitivity when *Gdf8* expression is disrupted^[@CR20],[@CR21]^. Indeed, Wilkes and colleagues reported that systemic administration of GDF8 (0.8 μg/day) to *Gdf8* null 4 month old female mice for 5 days reduces insulin sensitivity independent of body weight^[@CR21]^. Conversely, systemic administration of high and low doses of GDF8 have been shown to reduce blood glucose levels^[@CR17]^ and mice that overexpress *Gdf8* specifically in adipocytes show reduced blood glucose levels and are more insulin sensitive than wild-type counterparts on both normal chow and HFD^[@CR41]^. In our studies, supplementation of rGDF8 resulted in improved glucose tolerance without affecting random fed blood glucose levels in aged mice. We found that this dose of rGDF8 has an intermediate effect on glucose tolerance in aged mice under conditions of HFD compared to mice that received rGDF11. Moreover, our data indicating that aged mice injected with rGDF8 do not show improvement or exacerbation of hepatic steatosis contrasts with two studies that showed that mice with disrupted *Gdf8* expression are protected from hepatic steatosis and hepatic triglyceride accumulation^[@CR21],[@CR43]^, suggesting that genetic loss of GDF8 function is not simply the opposite of gain of function by exogenous supplementation of rGDF8.

Our results are in agreement with recent reports demonstrating that supplementation with GDF11 promotes an improved metabolic phenotype in diabetic models^[@CR8],[@CR9]^. Importantly, our experimental design and rGDF11 dosing regimen did not cause premature death during the experimental timeframe, did not cause anorexia, and did not result in a cachectic phenotype. It is possible that these effects may arise using a substantially-higher dose or alternative method of overexpression of GDF11^[@CR11],[@CR13]--[@CR15]^. We cannot exclude the possibility that using higher rGDF8 doses in the same experimental design would induce metabolic phenotypes comparable to those seen with rGDF11. Moreover, potential variations in protein potency of rGDF11 and rGDF8 may explain the different results we observed in rGDF11 *versus* rGDF8 treated mice. In support of this hypothesis, our recent data indicate that GDF11 is up to ten times more potent than GDF8 in initiating molecular signaling *in vitro* and *in vivo*^[@CR25]^. Using this logic, we can hypothesize that the *in vivo* ligand-mediated effects differ due to receptor affinity/utilization or differences in their susceptibility to regulation by various binding partners. Therefore, further investigation is required to better characterize GDF11 and GDF8 receptor binding and signaling dynamics at the cellular level in order to determine the extent of possible functional differences between GDF11 and GDF8.

Experimental Procedures {#Sec12}
=======================

Animal care and usage {#Sec13}
---------------------

All animal care protocols and procedures were approved by Harvard University Institutional Care and Use Committee and performed in accordance with institutional and regulatory guidelines. Unless otherwise indicated, aging C57Bl/6 male mice (24-month-old, obtained from the National Institute on Aging) and young C57Bl/6 male mice (8- to 10-week old) were housed with 12-h light/dark cycle at 22 ± 1 °C and were given *ad libitum* access to chow (5% calories from fat) and water. For studies using HFD, mice were fed chow containing 60% calories from fat (Research Diets Inc., D12492). Upon completion of experiments, mice were euthanized and organs where snap-frozen and conserved at −80 °C unless otherwise stated.

Treatment with recombinant GDF11 or GDF8 {#Sec14}
----------------------------------------

Aged and young mice received daily intraperitoneal injection of 0.5 mg/kg of recombinant GDF11 (rGDF11), recombinant GDF8 (rGDF8) or saline (0.9% NaCl and 1 mM HCl). Recombinant proteins obtained from the manufacturer (Peprotech) were centrifuged and reconstituted in double distilled, filtered water as indicated in the datasheet. Working dilutions were prepared upon confirmation of correct protein concentration and diluted with saline solution for *in vivo* injection. Daily dosage was adjusted based on body weight changes in young and old mice.

Glucose and insulin tolerance tests {#Sec15}
-----------------------------------

After fasting overnight for 18 hours^[@CR44]^, young and aging mice received a single intraperitoneal injection of 2 g/kg glucose to assess glucose tolerance by GTT. Blood glucose was measured instantly from nicked tails using OneTouch Ultra glucometer at 0, 15, 30, 60 and 120 min from glucose injection. Blood samples were collected at 0 and 30 min from glucose injection using Microvette CB 300 lithium-heparin coated tubes (Sarstedt) and spun 5,000 g for 5 min at 4 °C. Extracted plasma was stored at −80 °C. ITT was performed on a separate cohort of young and aging mice fasted for 5-hours. Insulin was administered at the following dosages unless otherwise noted in the figure legends: young mice fed a chow diet- 0.5 units/kg; young mice fed a HFD- 1.0 units/kg; aging mice fed a chow diet- 0.75 units/kg; aging mice fed a HFD- 1.0 units/kg. Blood glucose was measured at 0, 15, 30, 45, and 60 min as described for the GTT. Insulin and insulin c-peptide were measured by ELISA with mouse insulin standard (Alpco).

Detection of mouse GDF15 in plasma {#Sec16}
----------------------------------

Plasma was collected at the conclusion of each study, aliquoted, and stored at −70C. To measure GDF15 plasma levels, stored aliquots were thawed on ice and GDF15 plasma levels were determined using the Mouse/Rat GDF15 Quantikine ELISA Kit (R&D Systems; MGD150), performed according to the manufacturer's instructions. Samples were plated in duplicate and GDF15 concentrations were calculated using a 7-point standard curve using the provided recombinant GDF15 ligand.

Gene expression analysis {#Sec17}
------------------------

Following tissue harvest, tissues were snap frozen in liquid nitrogen and stored at −80°c until ready for processing. RNA was extracted with Trizol reagent (Sigma), transcribed into cDNA with random primers included with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Samples were analyzed by real-time PCR using TaqMan probes (Life Technologies). Results were normalized to expression of *Gapdh* and presented as fold increase relative to saline group for young and aged animals based on the ΔΔ*C*~*t*~ method. The catalogue numbers for the probes utilized in this study are: *Gapdh* (Mm99999915_g1), *Gdf15* (Mm00442228_m1), *Inhba* (Mm00434339_m1), *Trim63* (Mm01185221_m1), and *Fbxo32* (Mm00499523_m1).

Indirect calorimetry, food consumption, physical activity and RER analysis {#Sec18}
--------------------------------------------------------------------------

To assess multiple metabolic parameters in aging and young mice, CLAMS (Columbus Instruments) metabolic cages was employed as described by Kang and colleagues^[@CR45]^. Briefly, mice were transferred to individual metabolic cages without bedding, with free access to standard chow diet and tap water and acclimated for 72 h before switching to HFD and starting 7 days of daily rGDF11, rGDF8 or saline injection. Mice were subjected to non-invasive daily monitoring of gas exchange, physical activity, and manual food weight measurements performed by a balance connected to each CLAMS metabolic cage as a readout for food intake and an Echo-MRI 3-in-1 Body composition analyzer (Echo Medical Systems) was employed to measure total body fat and lean mass. Respiratory exchange ratios (RER) were calculated as the ratio of carbon dioxide produced to oxygen consumed and energy expenditure (kcal/hour) were calculated from gas exchange. Physical activity was determined according to beam breaks within a grid of photosensors built into the cages. Total activity was defined as the total number of beam breaks, whereas ambulatory activity was determined as successive beam breaks within the grid^[@CR45]^.

Hyperinsulinemic-euglycemic clamp analysis {#Sec19}
------------------------------------------

Young and aged mice were injected with rGDF11 or saline for 7 days and fed with HFD during the same period (Fig. [6A](#Fig6){ref-type="fig"}). Four days before hyperinsulinemic-euglycemic clamp experiments, mice were surgically implanted with a catheter in the right internal jugular vein and on the day of the clamp, a three way connector was attached to the catheter to deliver glucose and insulin^[@CR46]^. After overnight fast starting the day before the clamp, a priming radioactive dose of \[3-^3^H\]glucose (Perkin Elmer Life and Analytical Sciences) was injected into the mice. Basal and insulin-stimulated whole-body glucose turnover was estimated with a continuous infusion of \[3-^3^H\]glucose during the equilibration period and throughout the clamps (0.1 μCi/min). Plasma glucose concentration was monitored during 20 min intervals and maintained at basal concentrations by infusing 20% glucose at variable rates (Fig. [6A](#Fig6){ref-type="fig"}). During the 2 h hyperinsulinemic-euglycemic clamp, mice were treated with a continuous infusion of human insulin (Humulin; Eli Lilly) at a rate of 2.5 mU/kg/min to raise plasma insulin within a physiological range. To estimate insulin-stimulated glucose uptake in individual tissues, 2-deoxy-D-\[^14^C\]glucose (2\[^14^C\]DG) (Perkin Elmer) was administered as a bolus at 120 min after the start of clamps^[@CR46]^. Blood samples were taken during and at the end of clamps for measurement of plasma \[3-^3^H\]glucose, 2\[^14^C\]DG concentrations and insulin. All infusions were performed using microdialysis pumps (CMA/Microdialysis). At the end of the clamps, mice were anesthetized with sodium pentobarbital injection and skeletal muscles, epididymal white adipose tissue, and liver were harvested for analysis. Biochemical assays to analyze glucose turnover and glucose uptake were performed as described in^[@CR46]^.

Immunofluorescence and histology {#Sec20}
--------------------------------

For hepatosteatosis analysis, freshly dissected livers were fixed with 4% (w/v) paraformaldehyde for 24 h at 4 °C and paraffin embedded the following day. Five μm sections were deparaffinized in xylene, rehydrated by graded alcohols, stained with iron hematoxylin for 3 min and then rinsed in deionized water for 2 min. After two quick dips in Acid Alcohol, sections were washed 2 min in deionized water, submerged in Scott's blueing agent for 3 min, rinsed in deionized water and stained with eosin for 2 min. After a final step of xylene for 2 min, slides were mounted with a coverslip. Dried slides were used for quantification of hepatosteatosis uning a 40X magnification on a Olympus BX41 microscope and, for each mouse, at least ten nonconsecutive random digital images were obtained. Severity of steatosis was defined according to the percentage of affected hepatocytes: 0 = \<5%, 1 = 5--33%, 2 = 34--66%, 3 = ≥67% as described in^[@CR47]^. For pancreatic β-cell replication, freshly disected pancreata were fixed with 4% (w/v) paraformaldehyde for 24 h at 4 °C. The pancreata were processed for cryoperservation using 30% (w/v) sucrose for 24 h at 4 °C and subsequently embedded in OCT and frozen and stored at −80 °C. OCT embedded pancreata were sectioned every 200 μm generating at least 9 sections. Sections were stained using primary antisera including guinea pig anti-insulin (\#A0564; Dako, Carpinteria, CA), mouse anti-Nkx6.1 (Developmental Studies Hybridoma Bank, Iowa City, Iowa) and rabbit anti-Ki67 SP6 (\#ab16667; Abcam, Cambridge, MA) along with donkey secondary antisera conjugated to Cy2, Cy3, or Cy5 (\#A21206, \#A21203, A\#31571; LifeTechnology, Carlsbad, CA).

Proliferation analysis {#Sec21}
----------------------

Every islet in 6--8 sections across two slides were imaging using the 20x objective and the 10x eyepiece of the Zeiss Imager Z2 microscope for quantification of β-cell proliferation. Ki67^+^ insulin^+^ DAPI^+^ cells were counted manually using the multi-point tool of the ImageJ software. Ki67^+^ β-cell ratios were calculated as percent of total insulin positive cells.

Statistical analysis {#Sec22}
--------------------

Statistical comparison was performed by one-way ANOVA or two-way ANOVA with *post hoc* multiple comparison analysis as indicated. One-way ANOVA was used to assess the significance of differences observed across the three treatment groups on a single variable. Two-way ANOVA was used to assess the effect of two factors (e.g. time and treatment type) on a measurable variable. Statistical analysis was carried out with the Graphpad Prism 7 Software and statistical significance was assigned to differences with a *p* value \< 0.05.
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